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To explore the potential intracellular mechanism of the antimicrobial peptide HIH-3 in killing Salmonella,
a DNA blocking test and scanning electron microscopy (SEM) were used to determine the ability of the
peptide to bind bacterial DNA in vitro. Laser confocal analysis and electron microscopy were used to
observe the binding of antimicrobial peptide HIH-3 and Salmonella DNA, and flow cytometry was used
to analyze the effect of antimicrobial peptides on cell division in vivo. The results showed that HIH-3
can bind to DNA to block the diffusion and migration of DNA in agarose gel. Laser confocal microscopy
revealed that antimicrobial peptide HJH-3 penetrated the bacterial cell membrane and bound with
bacterial DNA. Transmission electron microscopy showed that antimicrobial peptide HJH-3 aggregated
in the nucleoid of Salmonella cells, and through a channel in the membrane destroyed by the

antimicrobial peptide, DNA and other intracellular contents were excreted, and polymerized DNA was
Received 1st March 2022 f ted. Th lts of the fl tomet lysi firmed that the death rate of Salmonell
Accepted 5th May 2022 ragmented. The results of the flow cytometry analysis confirme at the death rate of Salmonella
increased significantly after exposure to antimicrobial peptide HJH-3 and increased with increasing

DOI: 10.1039/d2ra01363k antimicrobial peptide concentration. These results suggest that AMP HJH-3 may be a candidate
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1. Introduction

Antimicrobial peptides (AMPs) are components of the innate
immune system."” To date, more than 3000 natural AMPs have
been discovered.>* AMPs have become important alternatives to
antibiotics because of their unique mechanisms of action
against a variety of bacteria and viruses, including multidrug-
resistant bacteria*® and human immunodeficiency viruses.®’
Compared with that of traditional antibiotics, the mecha-
nisms of action of AMPs are not sufficiently thorough.® The
mechanisms of action of AMPs are debated, and among the
many opinions, no theory explains the mechanisms of all
AMPs.*"* However, it is clear that the interaction between the
positive charge and amphiphilic structure of the cationic
peptide and the negative charge of cell membrane lipids plays
an important role in the biological functions of these
peptides.”* The diversity of the AMP structure determines the
diversity of its modes of action and function. Because of their
different structures and functions, AMPs belong to different
families, and the action modes and mechanisms of AMPs in
different families differ. The main bactericidal mechanisms of
AMPs are extracellular bactericidal mechanisms and intracel-
lular bactericidal mechanisms.''* Many studies on the mech-
anisms of AMPs have shown that even the same AMP can kill
bacteria by simultaneously invoking different bactericidal
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antimicrobial agent to treat infectious diseases caused by Salmonella pullorum.

mechanisms;"*™ in contrast, different kinds of AMPs can evoke
the same bactericidal mechanism.">*®

Most of the AMPs can kill bacteria by breaking the structure
of the bacterial cell membrane, and the “blanket” model, the
“barrel plate” model, the “ring pore” model and the “coacer-
vation” model are all based on the membrane action mecha-
nism of AMPs.* In recent years, scientists have found that some
AMPs can successfully kill bacteria without destroying the
integrity of cell membrane. So, it follows that AMPs have other
antibacterial mechanisms in addition to the membrane mech-
anism of action. Intracellular action targeting doctrine of AMPs
is a typical representative of the intracellular action mechanism
of AMPs.”® The intracellular bactericidal mechanism of AMPs
refers to that under the action of static electricity, some AMPs
attract and bind to the bacterial cell membrane without
damaging the cell membrane, but they accumulate in the cell
after penetrating the cell plasma membrane and specifically
bind with the intracellular target, thus interfering with the
normal metabolism of cells,*" Investigation of AMPs using laser
confocal microscopy techniques can indirectly verify the exis-
tence of non-membrane destruction mechanism of AMPs.

Therefore, only through in-depth exploration of the bacteri-
cidal mechanism of AMPs can we further modify the structure
of AMPs to improve their bactericidal activity and reduce their
cytotoxicity and thereby lay a theoretical foundation for
promoting the clinical application of AMPs.

In our previous study, AMP P3 was isolated from the bovine
erythrocyte haemoglobin alpha subunit.®%*
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To further enhance the antimicrobial activity of P3 and
reduce its cytotoxicity, in this study, we modify P3 according to
the principle of AMP modification to obtain an HJH-3 analogue
with higher antimicrobial activity than P3 and study its intra-
cellular mechanism of action. The findings lay a theoretical
foundation for the development and application of AMP HJH-3.

2. Materials and methods
2.1 AMPs and bacteria strains

The AMP HJH-3 was synthesized by solid-phase synthesis. The
standard strain of Salmonella pullorum (S. pullorum, CVCC533,
bought from China Veterinary Culture Collection Center) was
used.

2.2 Physicochemical properties of AMP HJH-3

In our previous study, the sequence of the natural bovine
erythrocyte-derived AMP P3 was modified, and the AMP
analogue HJH-3 was identified as having better antimicrobial
activity than AMP P3. The ProtParam online tool was used to
analyse the isoelectric point (pI), lipid solubility index (aliphatic
index), average hydrophobic index (total average of hydro-
pathicity) and instability index (instability index) of AMP HJH-3
in different systems. The hydrophobicity of AMP HJH-3 was
predicted by the ProtScale online tool. The structure of HJH-3
was predicted by the method of I-TASSER (Iterative Threading
ASSEmbly Refinement). I-TASSER is a hierarchical approach to
protein structure prediction and structure-based function
annotation. The website of this method is https://
zhanggroup.org/I-TASSER/. The predicted parameters are set
according to the system default settings.

2.3 Synthesis, purification, and identification of AMP HJH-3

The AMP HJH-3 was synthesized by chemical synthesis using an
automated solid-phase peptide synthesizer with reference to the
peptide synthesis procedure provided by Protein Technologies,
Inc. (PTI). Before synthesis, biological software was used to
predict the difficulty of coupling corresponding amino acids in
advance. The antibacterial peptide HJH-3 was synthesized
through the processes of resin swelling, deprotection of amino
acids, gradual coupling and extension of amino acids, peptide
cleavage and peptide precipitation. Among synthesis proce-
dures, the coupling of amino acids was the key to the successful
synthesis. Different amino acids had different degrees of diffi-
culty in coupling. The standard synthesis time of each amino
acid was 5 minutes. According to the prediction of the software,
every time the difficulty coefficient increased by 0.1, the
synthesis time increased by 1 minute.

The crude extract of the synthetic AMP HJH-3 was purified by
semipreparative reverse phase high-performance liquid chro-
matography (RP-HPLC). The crude AMP was purified with a C18
column, and acetonitrile plus 0.01% TFA was used as the
mobile phase. The detector of HPLC (LC-3000, LIANZHONG) is
UV3000 UV/Vis Spectroscopic Detector.

Purified AMP HJH-3 was obtained by rotating evaporation
that removed acetonitrile and was dried. According to the
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operation requirements of liquid-mass spectrometry (LC-MS),
HJH-3 products were dissolved and identified by mass spec-
trometry. Mass spectrometry measurement conditions were as
follows: positive ionization mode; the capillary voltage, 3.00 kV;
the capillary outlet voltage, 50 V; the fragmentation voltage, 5 V;
the drying gas flow rate, 1.5 L min~'; the drying gas tempera-
ture, 350 °C; and the scanning range, 400-1900 m/z. The MIC
value of AMPs HJH-3 was detected with standard methods.

2.4 Gel retardation test of DNA-HJH-3

By determining the migration rate of genomic DNA of S. pullo-
rum with agarose gel electrophoresis, the degree of antibacterial
peptide HJH-3 binding to bacterial DNA was determined. Then,
the destructive effect of AMPs on DNA of S. pullorum was
assessed.

The extraction method of S. pullorum genomic DNA was
carried out according to the instructions of the bacterial
genomic DNA extraction kit.

AMP HJH-3 was dissolved and diluted with DNA-bound
buffer (with the following formulation, composition, and
proportion: 5% glycerol (v/v); 10 mM Tris-HCl, pH 8.0; 1 mM
EDTA; 1 mM DTT; 20 mM KCl; and 50 ug mL~* BSA). A 5 pL-
aliquot of genomic DNA of S. pullorum in solution was poured
into a centrifugal tube. The total mass of DNA added to each
centrifuge tube was 500 ng. Then, the AMP solution was diluted
with a 5 uL gradient and then added to the DNA and incubated
at room temperature for 10 minutes. The negative control was
a mixture of genomic DNA and PBS buffer.

The DNA loading buffer was mixed with each sample in
proportion, and then the products were analysed by agarose gel
electrophoresis at 0.7%. After electrophoresis, a UV gel imaging
system was used to observe and take photographs. The test was
repeated three times.

2.5 Scanning electron microscopic observation of AMP HJH-
3 activity with the genomic DNA of S. pullorum

First, genomic DNA of 100 pg mL™" S. pullorum was incubated
with 5 x MIC AMP HJH-3 at room temperature for 20 minutes.
Then, the sample was dripped onto the silicon wafer and dried
by a freeze-drying apparatus. Third, the dried silicon wafer was
adhered to the conductive adhesive of the sample table, sprayed
with gold by ion sputtering instrument and observed under
scanning electron microscope. Genomic DNA without peptides
was used as a blank control. The experiments were performed
three times. The magnification focus for SEM was 3000 times.

2.6 TEM observation of AMP HJH-3 activity in the cytoplasm
of S. pullorum

S. pullorum at a logarithmic growth stage in 10 mL was centri-
fuged at 2420 g for 15 minutes. The bacteria were washed three
times with sterilized PBS and suspended again in 100 uL of PBS
(the concentration of bacteria was approximately 1 x 10® CFU
mL™ %), and 100 uL of HJH-3 was added to a final concentration
of 2 x MIC. The bacteria were cultured in a constant tempera-
ture incubator at 37 °C for 1 hour. Bacteria without AMPs were
used as blank controls. Samples were collected and centrifuged

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at 2420g for 15 minutes. The bacteria were immobilized with
2.5% glutaraldehyde (prepared in 0.1 M PBS buffer) overnight
and rinsed 3 times with 0.1 M PBS for 15 minutes each time.
Then, the bacteria were re-immobilized for 2-3 hours with 1%
osmium acid stationary solution and rinsed 3 times with 0.1 M
PBS for 15 minutes each time. The test was repeated three
times. After fixation, dehydration, and embedding, the spec-
imen sections were stained with uranyl acetate and alkaline
lead citrate for 15 minutes and observed under a transmission
electron microscope.

2.7 Laser confocal microscopic observation of AMP HJH-3
effects on the genomic DNA of S. pullorum

S. pullorum were cultured to logarithmic growth phase and
centrifuged at 2420 g for 15 minutes. After washed with steril-
ized PBS for three times, the S. pullorum were suspended again
with 100 pL PBS (approximately 1 x 10° CFU mL'). Then the
harvested bacteria were treated with AMP HJH-3 on final
concentration of 2 x MIC at 37 °C for 1 hour. Centrifuged and
washed by PBS, the bacteria were incubated with PI and
Hoechst 33528 for 10 minutes at 37 °C. Finally, the treated
samples were dripped onto slides, covered with cover slip.
Fluorescence images were taken with Zeiss LSM 780 confocal
laser microscope with laser excitation wavelength 535 nm and
emission wavelength 615 nm (PI) and excitation wavelength
352 nm and emission wavelength 461 nm (Hoechst 33528).
Bacteria without AMPs were used as blank controls. All the
experiments were performed three times.

2.8 Flow cytometric analysis of AMP HJH-3 effects on the
genomic DNA of S. pullorum

The prepared bacteria were added to AMP HJH-3 to final peptide
concentrations of 5 x MIC and 10 x MIC, were fully mixed, and
incubated for 0.5 hour at 1 g in a shaker at 37 °C. The bacteria
were collected in 1 mL aliquots and centrifuged at 1685 g for 3
minutes, and the supernatant was discarded. Then, the cells
were washed with sterilized PBS (pH 7.0) 3 times, PI solution
was added to assess the cell cycle, and the cells were incubated
in the dark at 4 °C for 30 minutes. The experiment was repeated
three times. The samples were detected by flow cytometer.

3. Results
3.1 Physicochemical properties of AMP HJH-3

A sequence analysis showed that the half-life of HJH-3 was more
than 100 hours in mammals and reticular cells (in vitro), 20
hours in yeast (in vivo) and more than 10 hours in Escherichia
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coli (in vivo). The instability index of HJH-3 was 18.42, and the
aliphatic index was 162.22. It was concluded that HJH-3 is
a stable and heat-resistant AMP that may contribute to the
development of its antimicrobial activity. The amino acid
sequence and physicochemical properties of AMP HJH-3 are
shown in Table 1.

3.2 Synthesis, purification and identification of AMP HJH-3

According to the design of the experiment, 1.04 g of AMP
product was obtained theoretically, and 0.75 g of crude AMP
product was obtained via this synthetic method. Therefore, the
yield of the AMP synthesized by this polypeptide synthesizer
was 0.75+1.04 = 72.16%. The crude extract of the dried poly-
peptide was a yellow-white powder (data not shown).

The crude extract of HJH-3 was purified by semipreparative
RP-HPLC. The results showed that the baseline of the chro-
matogram of the crude product was very stable, and the main
peak showed adequate symmetry. The chromatographic puri-
fication process of crude AMP products was shown in Fig. 1A.
The synthesized HJH-3 product yield was 0.69 g by chromato-
graphic purification, and the purified yield was 0.69+0.75 =
92.00%.

According to the operation protocol of liquid-mass spec-
trometry (LC-MS), HJH-3 products were dissolved and identified
by mass spectrometry. The test results were shown in Fig. 1B.
AMP products were ionized into different fragments and
protons via mass spectrometry. After the analysis, peaks were
evident at [M + 2H] and [M + 3H], as expected. Hence, the
substance detected by mass spectrometry was the synthetic
AMP HJH-3

The MIC against S. pullorum was 1.5625 pug mL™ ",

3.3 DNA-HJH-3 binding gel retardation test

The binding of the AMP HJH-3 to the genomic DNA of S.
pullorum increased the molecular weight of the genomic DNA,
resulting in slow movement and hysteresis of the DNA during
agarose gel electrophoresis. The interaction between HJH-3 and
the genomic DNA of S. pullorum was detected in the agarose
electrophoresis gel, as shown in Fig. 2. At a concentration of 20
pg mL ', antibacterial peptide HJH-3 had an effect on DNA that
was visible to the naked eye. With increasing peptide concen-
tration, the blocking effect was more obvious. When the
concentration reached 400 pg mL™", the peptide blocked the
entire genomic DNA in the sample well, resulting in the failure
of the DNA to move in the gel.

Table 1 Amino acid sequences, physicochemical properties of AMP P3 and HIH-3

Isoelectric Aliphatic
Peptides Sequence” Molecular formula Mass Charge point index
P3 VNFKLLSHSLLVTLASHL CosH154N2,044 1992.39 1 8.74 167.78
HJH-3 VNFKLLSHSLLVTLRSHL CosH161N57054 2077.50 2 11.00 162.22

“ Boldface indicates the substituted amino acid.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of AMP HJH-1 (A) purification of AMP HJH-3; (B) electrospray ionization (ESI) mass spectrometer of AMP HJH-3.

Fig. 2 Gel blocking effect of AMP on genomic DNA of S. pullorum M.
DNA marker DL 2000; (1) genomic DNA of S. pullorum without AMP;
(2-4) S. pullorum treated with 20, 200, 400 ug mL~* HIH-3.

3.4 SEM observation of AMP HJH-3 activity with the genomic
DNA of S. pullorum

The morphology of the genomic DNA of S. pullorum treated with
HJH-3 was observed by scanning electron microscopy (SEM).

14488 | RSC Adv, 2022, 12, 14485-14491

The degree of AMP HJH-3 binding to DNA of S. pullorum was
determined. It was indirectly confirmed that AMPs can destroy
bacterial DNA. The results were shown in Fig. 3. The DNA
molecules that were not bound to AMPs were dispersed,
uniform in structure, and arranged in a “rope-like” arrange-
ment (Fig. 3A). After binding with AMPs HJH-3, DNA molecules
were destroyed into small segments, aggregated with each other
and appeared as “ice crystals-like” (Fig. 3B). These results
indicated that AMP HJH-3 could destroy DNA molecules and
bound with DNA molecules to change their structure. It was
speculated that the peptide can cleave DNA molecules (but
whether this cleavage is specific or random remains to be
further studied) and thus rearrange DNA molecules.

3.5 TEM observation of AMP HJH-3 acting on nucleoplasm
of S. pullorum

By observing the changes in the internal ultrastructure of S.
pullorum treated with HJH-3, the damage of AMPs to bacterial
cells was reanalysed. The results were shown in Fig. 4. The
intracellular nucleoplasm was relatively regular before the
action of AMPs, the nucleoid and cytoplasm of the cells were
relatively homogeneous, and the bacterial stroma was relatively
clean. S. pullorum were observed in the division stage (Fig. 4A).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron microscopic results of genomic DNA acted by AMP HJH-3 (A) scanning electron microscopy results of genomic DNA
of normal S. pullorum; (B) scanning electron microscopy results of genomic DNA of S. pullorum treated with AMP HJH-3.

Fig.4 TEM results of genomic DNA acted by AMPs HIH-3 (A) TEM results of Sclerotinia of normal S. pullorum; (B) TEM results of Sclerotinia of S.

pullorum treated with AMP HJH-3.

After the action of AMPs, the nucleoid region of the bacterial
cells was concentrated or lost, and a lot of loosened, damaged
nucleoid components were observed between bacterial stro-
mata (Fig. 4B).

3.6 Laser confocal microscopic observation of AMP HJH-3
activity on the genomic DNA of S. pullorum

DNA staining in bacteria treated with HJH-3 was detected by PI
and Hoechst 33528 double fluorescence labelling. The results
were shown in Fig. 5. As shown in Fig. 5A, the bacteria that did
not interact with AMP had complete cell membranes and no PI
entered the bacteria; in these cases, only one type of fluores-
cence was emitted. Fig. 5B showed, after interaction with AMP
HJH-3, S. pullorum entered the bacterium with the fluorescent
dye PI due to the destruction of the cell membrane and then
bound to DNA. The two fluorescent dyes emitted two kinds of
fluorescence.

3.7 Flow cytometric analysis of AMP HJH-3 activity with the
genomic DNA of S. pullorum

Flow cytometry was used to observe the binding of S. pullorum to
PI, a dye used to detect the cell cycle phase, after AMP HJH-3.
The results were shown in Fig. 6. After the action of 5 x MIC

© 2022 The Author(s). Published by the Royal Society of Chemistry

AMP HJH-3 on S. pullorum, the dead cells accounted for 50.1%
and living cells for 49.9% of the total cells. After the action of 10
x MIC AMP HJH-3 on S. pullorum, the dead cells accounted for
82.0% and living cells for 18.0% of the total cells. Therefore,
with the increase of AMP concentration, the number of dead
cells showed an increasing trend, indicating that AMP HJH-3
had strong antibacterial activity, and its bactericidal activity
was enhanced to some extent with increasing concentrations.

4. Discussion

The drug resistance in bacteria poses a serious threat to live-
stock production and human health. The intracellular parasitic
bacteria represented by Salmonella exacerbate bacterial drug
resistance due to the limited amount of antibiotic ingested by
the cells or the difficulty in reaching the parasitic site of the
bacteria.

It was found that most of the AMPs can permeate through
the bacterial cell membrane to exert bactericidal effects, even
some AMPs exerted their antibacterial effects through multiple
mechanisms. This study found that in addition to the tradi-
tional bactericidal mechanism, the AMP HJH-3 can also bind
with bacterial DNA and inhibit bacterial reproduction (the
target acting with DNA have not been found). Therefore, HJH-3

RSC Adv, 2022, 12, 14485-14491 | 14489
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Fig.5 Confocal detection results of genomic DNA acted by AMP HJH-3 (A) confocal detection results of genomic DNA of normal S. pullorum (B)
confocal detection results of genomic DNA of S. pullorum treated with AMP HJH-3.

Fig.6 Flow cytogram of S. pullorum after the action of AMP HIJH-3 (A) control, normal S. pullorum:; (B) FC results of genomic DNA of S. pullorum
treated with 5 x MIC HJH-3; (C) FC results of genomic DNA of normal S. pullorum treated with 10 x MIC HIH-3.

had great advantages in preventing and controlling infection of
intracellular cells.

In recent years, increasing attention has been focused on the
intracellular mechanisms of action of AMPs. It has been found
that AMPs such as Buforin II and Indolicidin can enter bacterial
cells and play antimicrobial roles by interfering with certain
important metabolic processes of the cells.****” The previous
experimental results of this study have confirmed that the AMP
HJH-3 can effectively kill Escherichia coli, Staphylococcus aureus
and Salmonella. Moreover, the AMP HJH-3 and its analogues
can play an antibacterial role by interacting with bacterial cell
membrane.**?>

The research results of Huo et al.?® found that the fusion
antibacterial peptide TAT-KR-12 can Kkill intracellular parasitic
Staphylococcus aureus. Its mechanism is that Tat acts as
a “Trojan horse” responsible for transmitting AMPs to cells, and
AMP KR-12 is responsible for interacting with DNA in cells. To
further explore whether the AMP HJH-3 plays an antibacterial

14490 | RSC Adv, 2022, 12, 14485-14491

role by acting on intracellular organelles, this study was carried
out in vitro with DNA-peptide gel retardation tests, scanning
electron microscopy, laser confocal microscopy and flow
cytometry. The results showed that AMP HJH-3 can bind to
Salmonella DNA.

The results showed that the AMP HJH-3 can bind to the DNA
of many other bacteria. However, AMP HJH-3 had no obvious
cytotoxicity on mammalian cells. It is speculated that the action
mode of AMP HJH-3 on prokaryotic and eukaryotic cells was
inconsistent. Whether the binding mode between AMP HJH-3
and prokaryotic DNA is specific or stochastic requires further
validation.

AMPs are potential substitutes for environment-friendly
antibiotics because of their small molecular weight, extensive
antimicrobial effects, easy degradation and no pollution.
Therefore, functional research on AMPs needs direct evidence.
It is believed that with the progress of technology, the mecha-
nisms of action of AMPs will be gradually revealed.>"*>°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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5. Conclusions

The results of this study showed that the self-synthesized AMP
HJH-3 can directly enter the cell through the cell membrane and
play an antimicrobial role. It can bind to intracellular DNA and
then specifically block cell division, thus achieving an antimi-
crobial effect. This study further enriches the study on the
intracellular bacteriostasis mechanism of AMPs against
bacteria and lays a theoretical foundation for the development
of HJH-3.
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